The objective of the paper was to classify 50 SNPs (from 17 chromosomes) according to their contribution to the meatness of 293 boars of two breeds (Polish Landrace and Polish Large White) using entropy analysis and standard association analysis. The collected data were classified into two groups (according to the official EUROP procedure) and used for entropy analysis. Associations of single genotypes versus their groups (located at single chromosomes) with the trait studied were estimated by the use of the Generalized Linear Model (
INTRODUCTION
Meatness is one of the main selection criteria in pigs and can be regarded as a complex trait influenced by genetic and environmental factors. Over the last decades many efforts have been focused on detection of single loci underlying meatness. Molecular technology advances have enabled the identification of many chromosomal regions (represented by single nucleotide polymorphisms (SNPs)) affecting swine meat traits (Dekkers et al., 2011) . Their effects vary across population and are dependent on data structure, statistical models, and estimation methods. It should be noted that a majority of statistical analyses concerns the association of single polymorphic locus with performance traits. However, a uni-locus analysis can lead to misestimation of genotype effects, therefore taking into account gene interaction is highly desirable. From the point of view of inference effectiveness, evaluation of QTL effects based on crossbreeding experiments is preferable (Dvořáková et al., 2011) . Over the last decades, several statistical experimental designs based on crosses have been described in the literature (e.g. Haley and Knott, 1992) . Due to a number of polymorphic loci, they have numerous advantages. Unfortunately, from a practical perspective, the estimates of QTL effects cannot be directly transferred into pure breeds and commercial populations. Other approaches to estimate single locus effects are based on field collected data (Janss et al., 1997) . However, inclusion of many genotypic effects in a linear model requires a large population with a balanced structure.
Meatness can be considered as a continuous character (expressed in percentages) or a discrete one when the so-called EUROP classification is employed. In consequence, this trait can be treated as categorical. It has a complex genetic background (Hamill et al., 2012) . Statistical analysis of discrete variables requires other approaches compared to those addressed for continuous characters. One of these methods is the so-called entropy analysis which enables reduction of recorded categorical variables (e.g. genotypes) to their contribution to the final assessment (meatness classes). This methodology has been increasingly implemented in genetic studies (Moore et al., 2006) . However, the application of entropy analysis is still marginal in animal science.
The objective of this paper was to classify the effects of fifty candidate single nucleotide polymorphisms (located on 17 chromosomes) according to their contribution in swine meatness. In a second step, association analysis among single genotypes versus their groups (located at single chromosomes) and the trait studied was performed.
MATERIAL AND METHODS
The records of 293 live boars of two breeds (101 -Polish Landrace and 192 -Polish Large White), under performance test, were included into the analysis. A single record has the following structure: recorded animal code, sire code (13), breed (2), year of birth (5), month of birth (12), and meatness (expressed in percentage) as well as polymorphism at 50 loci from 17 chromosomes. Meatness (MC) was measured between days 170-210 of a pig's life and in Poland it is estimated as follows: MC = -0.4776P 2ST -0.4593 P 4ST + 0.3486 P 4 M ST + + 48.9829
where: P 2ST = standardized backfat thickness at point P2 (behind the last rib, 3 cm from the middle line of the back) P 4ST = standardized backfat thickness at point P4 (behind the last rib, 8 cm from the middle line of the back) P 4 M ST = height of loin at point P4 Average meatness was 59.23 ± 1.45%. All loci studied in the present work were considered as candidate ones, potentially associated with pork carcass quality (Kaminski et al., 2008) .
For entropy analysis the meatness was classified according to the so-called EUROP applied by routine carcass classification. Although the classification covers six classes (S = at least 60% meat content, E = 55-60%, U = 50-55%, R = 45-50%, O = 40-45%, and P = less than 40%), the individuals recorded were assigned to groups S (83 records) and E (211 records). In the case of association analysis, meatness was treated as continuous. To improve data structure, some restrictions were done prior to the analysis. The number of individuals per half-sib group and single genotype was at least five. It should be stressed that all experimental animals were free from recessive mutation in RYR1 gene (Ryanodine Receptor) known to affect the meatness and meat quality. All fatteners were genotyped in 50 loci (Table 1) by the method described earlier (Kamiński et al., 2008) . Whereas allelic frequencies in the loci studied for both breeds are listed in Table 2 .
Statistical analysis. The effects of the loci studied on meatness were examined in two steps. Firstly, genotypes were classified according to their participation in meatness variability. In the second stage, effects of a single genotype and combined genotypes on the trait recorded were checked.
As already mentioned, 50 identified genotypes were included. In order to rank the loci according to their effects on meatness and relationships among these SNPs, entropy analysis was employed (see e.g. Moore et al., 2006) . For each SNP and SNP groups at the same chromosomes entropy and conditional entropy were estimated.
Conditional entropy H(M|S i ) quantifies the remaining uncertainty about meatness (M) with the knowledge of SNP (S i ).
H(M|S
where: M = discrete random variables of meatness classes S i = discrete random variables of SNP genotype p(s i ) = probability of a given S i value p(m|s i ) = value of conditional probability distributions For each pair of SNPs, the joint entropy H(S j ,S j ), mutual information I(S j ,S j ), and their quotient were assessed to estimate the interaction between two variables (genotypes). I(S i ,S j ) is a measure of correlation between attributes, which is always zero or positive. It is zero if and only if the two attributes are independent.
More detailed description of the parameters was given by Dobek et al. (2012) . The categorization of SNPs to the meatness is shown in Figure 1 . The 
where predicted variable M is meatness and S i denotes genotypes. To visualize relationships among the recorded loci, they were clustered using the method of hierarchical clustering according to the Ward approach (Jobson, 1992) . Constructed dendrogram shows related loci close together. The reciprocity of normed mutual information, i.e. H(S i ,S j )/I(S i ,S j ), was used as the distance measure. Analyses were performed using the R software package (Version 2.1.0, 2009). Prior to association studies, exploratory analysis was performed to improve the data structure. Significance of breed, sire, month, and year of birth were evaluated using the Analysis of Variance (ANOVA) procedure of SAS (Statistical Analysis System, Version 9. 1, [2002] [2003] . Based on these results, only birth year and sire effects were included into the association analysis as fixed and random, respectively. Finally, the following linear model was used: y = X 1 β 1 + X 2 β 2 + Zu + e where: y = vector of observation for meatness (as a continuous variable) β 1 = vector of fixed genotypic or chromosomal effects (groups with at least 5 observations were analyzed) β 2 = vector of fixed effects of birth years u = vector of random sire effects e = vector of random residuals X 1 , X 2, Z = respective incidence matrices for fixed and respective effects Statistical inference on differences among these genotypic means was based on F-test using the above mentioned procedure of SAS.
RESULTS AND DISCUSSION
Classification of loci and chromosomes. Conditional entropy coefficients for single loci and their groups (at the same chromosome) are visualized in Figures 1 and 2 , respectively. As already mentioned, the fifty loci analyzed were perceived as candidate genes influencing pig meatness. However, participation of particular loci in the studied trait varied. Although these entropy coefficients cannot be statistically verified, some considerable differences between loci contribution to meatness were observed. For eleven loci the entropies were higher than 0.01. Most important contributions have been estimated for SNPs: SULT1A1:g.76G>A (SSC3), PRKAG3:c.1845G>A (SSC15), PKLR:g.384T>C (SSC4), ADPIPOQ:g.1719G>A (SSC13), MYOD1:c.566G>C (SSC2), and TNNT3:g.153T>C (SSC2). Unfortunately, the number of reports on the effects of the above mentioned molecular regions is still relatively small. The majority of these analyses focus on estimation of single locus effects. Moreover, many studies are based on crossbreeding experiments. Hence, direct comparison of the obtained results with literature reports seems to be difficult. The highest participation in meatness was estimated for SULT1A1:g.76G>A. Unfortunately, to our knowledge, association of SULT1A1 gene with swine production traits has not yet been sufficiently described. Skinner et al. (2006) suggested potential associations of the gene with swine skatole levels, however this trait is not directly connected with meatness. This locus has already been recommended as potentially associated with pork traits by Kamiński et al. (2009) .
Many reports concern porcine PRKAG3 gene as a gene influencing meatness (Škrlep et al., 2010a; Rohrer et al., 2012) . Qiao et al. (2010) considerable association between this gene and two meat quality traits (pH and glycogen). By the way, it should be stressed that imprinted action of this gene has been registered by the authors. These results were obtained for crossbreeding populations. Thus, by definition the estimated effects are higher due to greater heterozygosity compared to outbreed genetic groups. The impact of PRKAG3 was also investigated by Koćwin-Podsiadła et al. (2006) . They reported significant association of this locus with the meat production traits. A majority of the loci studied showed relatively small contributions in meatness. The effects of some of them have been described in literature. For instance, several single nucleotide polymorphisms in CAST have been associated with carcass quality (Krzęcio et al., 2007; Lindholm-Perry et al., 2009; Škrlep et al., 2010b) Sieczkowska et al. (2010) showed the impact of two genes (PKM2 and CAST) on their expression levels in muscles and some traits. However, the effects were strongly dependent on parental components. A larger one was estimated for the Duroc paternal side, whereas negligible impacts were registered on several genes (located on different chromosomes as well). Significant effect of CAST gene on meat quality was also reported by Gandolfi et al. (2011) .
Combined effects of SNPs groups from single chromosomes. It can be observed that chromosomal effects depend on a number of identified loci. On the other hand, these effects of particular chromosomes (with the same number of loci) in meatness vary as well. For instance, in the case five chromosomes (1, 4, 2, 6, and 12), five loci per each, were studied and considerable differences among them were observed (Figure 2 ). The largest effects were observed for chromosome 1 (including MEF2A:c.413G>T, MC4R:c.678G>A, ESR2:c.388G>A, TGFB1R:c.141C>T, ESR1:c.472T>C) . Although single effects of these loci were relatively small, their combined effects were considerably larger compared to hypothetical additive effects of single loci. This indicates that interlocus effects should be considered for chromosome 1 (Figure 2 ). Also interlocus effects may be suggested for some other Loci in bold have the most significant contribution to the trait, *substitution located in the 3'UTR chromosomes, mainly chromosomes 2, 4, and 6. The obtained results confirmed the presence of more loci on chromosome 4 affecting fatness and growth (Marklund et al., 1999) . Also Ovilo et al. (2002) reported that chromosomes 4 and 6 contain a loci determining meat quality traits. However, they estimated non-significant epistatic interactions for these characters. On the other hand, some authors (Uemoto et al., 2009; Groβe-Brinkhaus et al., 2010) suggested that epistasis might be an important component of production traits (including meatness) in pigs. It should be noted that the above mentioned considerable interlocus effects were estimated for crossbred populations. The smallest effects were estimated for chromosomes with one identified locus (Figure 2 ). These effects also vary among chromosomes. They can be directly determined by both genotype frequencies and additive effects of these loci. On the other hand, an interaction among and within loci may also be shown in the ranking of chromosomes. Complex genetic determination of meatness has been reported by a number of authors (Kamiński et al., 2009; Srikanchai et al., 2010; Weisz et al., 2011; Fontanesi et al., 2012) .
Relationships among loci. To summarize better the mutual information coefficients, their values were clustered. Figure 3 shows the cluster dendrogram of mutual information coefficients for single loci, which illustrates connectedness among them. These coefficients range from 0 to 1 and show the relationships between pairs of groups and/or single loci. So, strongly related SNPs and/or groups at the same chromosomes, with coefficient of mutual information, are close together on the diagram. The dependencies among studied loci may be influenced by manifold genetic backgrounds, e.g. linkage disequilibrium, meiotic drive, etc. In general, a majority of locus clusters have a mixed composition according to their chromosomal localizations. Also the magnitude of these clusters is differentiated. It seems that the gene architecture is connected with meatness complexity, which is affected by the muscle structure and composition. As reported by Hu et al. (2005) , quantitative trait loci have been detected for the most important traits in pigs, including carcass composition. Moreover, some authors (e.g. Gilbert et al., 2007) concluded pleiotropic and linked QTL effects on porcine carcass.
Estimated single locus and chromosomal effects. Tables 3 and 4 show the results of association analysis for single loci and chromosomal regions, respectively. The performed analysis showed a significant effect of the following ten loci on meatness: PKLR:g.384T>C, SFRS1:c.1146C>T, P P A R G C : c . 6 7 8 T > A , T N N T 3 : g . 1 5 3 T > C , C S T B : g . 3 6 7 A > G , S U LT 1 A 1 : g . 7 6 G > A , LDLRRP1:c.*459A>G, CAST:g.499A>C, GAA:g.38C>T, and MYF6:g.255T>C.
Out of 17 chromosomes included in the present study, six (1, 2, 3, 4, 7, and 8) were found to affect meatness significantly. It should be noted that this is not directly connected with the number of loci identified at particular chromosomes and their single effects. For instance, in the case of uni-locus association analysis, no statistically significant effects were estimated for each five loci from chromosome 1. It can result from at least two reasons. Firstly, when single genotype effects were examined, statistical inferences were based on a relatively small number of degrees of freedom. Secondly, it can suggest a theoretical large interaction effect among the five loci from chromosome 1. Generally, the results correspond with the ranking of loci performed via conditional entropy (see Figure 1) , where the participation of three loci (ESR1:c.472T>C, ESR2:c.388G>A (p.Met317Val), MC4R:c.678G>A (p.Asp298Asn)) Loci in bold have the most significant contribution to the trait, *substitution located in the 3'UTR Table 4 to be continued is regarded as negligible. However, in the case of chromosomes 2 and 4, the effects of the five loci identified on each of them varied. Finally, combined influences were considerably larger compared to single ones, whereas for loci from chromosome 8, both single and combined effects were statistically significant. This suggests a large and additive effect of loci LDLRRP1:c.*459A>G and SFRS1:c.1146C>T.
Joint analyzed results. By definition, an entropy analysis is addressed for discrete variables. Hence, two meatness classes (among five hypothetical ones) were included. It should be noted that statistical inference is based on a linear model, which includes random sire effects as well as fixed genotypic vs. chromosomal and birth year effects. Due to unavailability of a full additive relationship matrix, additive genetic effects of individuals were not included into the analysis. There may be a negligible influence of statistical inference on the significance of genotypic effects since a sire effect is not directly perceived as substitution of an additive polygenic one. Moreover, single genotype vs. single chromosome effects were included into the model. Therefore, the analysis omitted multigenotype effects across chromosome.
CONCLUSION
In the present study, two different statistical approaches were employed to detect loci significantly affecting the meatness of boars. Among 50 SNPs analyzed, the following can be indicated as the most important: SULT1A1:g.76G>A (SSC3), PK LR :g.384T>C (SSC4), MY OD1:c .566G>C (SSC2), TNNT3:g.153T>C (SSC2), GAA:g.38C>T ( S S C 1 2 ) , L D L R R P 1 : c . * 4 5 9 A > G ( S S C 8 ) , MYF6:g.255T>C (SSC5), CAST:g.499A>C (SSC2), and PPARGC:c.678T>A (SSC15).
